IL-10 is a key regulator of the immune system that critically determines health and disease. Its expression is finely tuned both at the transcriptional and posttranscriptional levels. Although the importance of posttranscriptional regulation of IL-10 has been previously shown, understanding the underlying mechanisms is still in its infancy. In this study, using a combination of bioinformatics and molecular approaches, we report that microRNA (hsamiR-106a) regulates IL-10 expression. The hsa-miR-106a binding site in the 3 UTR of IL10 has been identified by site-directed mutagenesis studies. Also, the involvement of transcription factors, Sp1 and Egr1, in the regulation of hsa-miR-106a expression and concomitant decrease in the IL-10 expression, has also been demonstrated. In summary, our results showed that IL-10 expression may be regulated by miR-106a, which is in turn transcriptionally regulated by Egr1 and Sp1.
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Egr1 ͉ IL-10 ͉ microRNA ͉ SP1 ͉ miR-106a promoter I L-10 is a key orchestrator of the immune system that has been shown to be antiinflammatory in many model systems (1) . It is secreted by various cell types like different T cell subsets, macrophages, dendritic cells (DC), B-cells, mast cells, and eosinophils. It mediates a plethora of immunoregulatory events such as maturation and activation of macrophages and DC, expression of MHC-II and B-7, activation of T cells, synthesis of cytokines, and antibody production (2, 3) . Also, dysregulation of IL-10 leads to various immunological diseases, such as cancer, rheumatoid arthritis, asthma, infectious disorders, etc. (2) . Therefore, it is likely that IL-10 expression is tightly regulated.
Regulation of IL-10 expression has been studied at the transcriptional and posttranscriptional levels. Although Sp1 and Sp3 have been found to regulate transcription, it has been shown that IL10 mRNA is constitutively transcribed in many cells; however, the availability of its protein level is significantly determined by posttranscriptional mechanisms (4, 5) . AU-rich elements (ARE) in the 3Ј UTR of mouse IL10 that lead to the degradation of its mRNA have been shown (6) . Half life of IL10 mRNA in normal melanocytes is much shorter than in melanoma cell lines (7) . Also, genetic variations in the 3Ј UTR of IL10 have been shown to be associated with IL-10 levels that could lead to disease pathogenesis (8, 9) . Therefore, a pellucid understanding of the posttranscriptional regulation of IL10 will be of scientific and clinical significance.
A growing class of noncoding RNAs called microRNAs (miRNAs) is involved in posttranscriptional regulation of genes (10) . MicroRNAs have been reported to modulate hematopoietic lineage differentiation (11) , angiogenesis (12) , cell adhesion (13), etc., indicating that they could have important roles in numerous biological processes (14) . There is also a growing body of literature supporting the potential role of miRNAs in regulation of inflammatory processes (15) . The importance of IL-10 in the orchestration of the immune response, and the strong evidence for its posttranscriptional regulation, makes it an attractive candidate for miRNA mediated regulation of inflammation.
Here, we report the identification of a miRNA, hsa-miR-106a, that regulates IL-10 expression. We also find that Sp1 and Egr1 have an important role in hsa-miR-106a transcription and, thus, indirectly regulate the expression of IL-10 posttranscriptionally.
Results

Prediction of miRNA Regulators of IL-10.
To predict the miRNA that may regulate IL-10, we used a consensus approach by employing 3 different miRNA target prediction software, as described in Materials and Methods. We found that 8 miRNAs have potential binding site in the 3Ј UTR of IL10 (Table 1) . Also, using miRex, we found that 5 miRNAs (namely hsa-miR-106a, miR-106b, miR-20a, miR-20b, and miR-93) were expressed in cells of lymphoid and myeloid origin, which are known to express IL-10. Because information regarding the expression of the remaining 3 miRNAs was not available, we focused our study on hsa-miR106a, miR-106b, miR-20a, miR-20b, and miR-93.
Identification of hsa-miR-106a As a Regulator of IL-10 Expression. To identify the miRNA(s) that may be involved in the regulation of IL-10, initially Raji cell line was chosen, because it constitutively expresses high level of IL-10 and, thus, presumably may have lower level of regulatory miRNA(s). When these cells were transfected with the 5 predicted miRNA oligonucleotides, hsamiR-106a oligonucleotide significantly down-regulated the expression of IL-10 present in the culture supernatant (Fig. 1A) . Interestingly, hsa-miR-106b, which differs from hsa-miR-106a in only 2 nucleotide positions, also affected IL-10 expression, albeit at a lower level. In contrast, transfection with other 3 miRNA or cel-miR-67, a miRNA from Caenorhabditis elegans having no sequence identity with the predicted human miRNAs (used as negative control), had no effect on the IL-10 expression (Fig.  1 A) . Also, when increasing concentration of hsa-miR-106a was used, IL-10 expression was found to be reduced in a dosedependent manner (Fig. 1B) .
To check whether hsa-miR-106a affects the stability of IL10 mRNA, RT-PCR was performed by using RNA prepared from Raji cells transfected with increasing concentration of hsa-miR106a oligonucleotide. It was observed that it down-regulated IL10 mRNA in a concentration-dependent manner (Fig. 1C) , whereas cel-miR-67 had no effect. Thus, it is likely that hsamiR-106a decreases IL-10 expression by degrading its mRNA.
To confirm the involvement of miR-106a further, we chose Jurkat cells that produce low basal level of IL-10, and, thus, may produce higher level of hsa-miR-106a. When Jurkat cells were transfected with increasing concentration of anti-hsa-miR-106a oligonucleotide and IL-10 levels were measured in the culture supernatant, a dose-dependent increase in the levels of IL-10 was observed (Fig. 1D) . In contrast, a random oligonucleotide had no effect on IL-10 expression. Thus, these experiments demonstrate that hsa-miR-106a regulates IL-10 expression.
Expression of hsa-miR-106a and Its Involvement in IL-10 Regulation in Different Cells. To specifically detect the expression of hsa-miR106a, we standardized Northern blotting conditions so that we specifically detect hsa-miR-106a, not hsa-miR-106b ( Fig. 2A) . Next, when blot was performed using RNA prepared from A549, Jurkat, Raji, HeLa, Hep-G2, and THP-1 cells, hsa-miR-106a was found to be expressed significantly in Jurkat, Raji, and THP-1 cells (Fig. 2B) . However, Hep-G2, HeLa and A549 cells expressed lower amounts of hsa-miR-106a. To correlate the expression of hsa-miR-106a with 3Ј UTR regulatory activity, Jurkat, Raji, THP-1, and A549 cells were transfected with pMIR-REPORT-IL10 3Ј UTR (intact). A substantial fall in luciferase activity was observed in Jurkat, Raji, and THP-1 cells. In comparison, the decrease in A549 cells was not profound. Thus, the down-regulatory effect of IL10 3Ј UTR was found to be correlated with the levels of mature hsa-miR-106a present in these cells (Fig. 2C ).
Confirmation of Target Site for hsa-miR-106a in IL10 3 UTR. Our bioinformatics analysis predicted the binding of hsa-miR-106a to the 3Ј UTR of IL10 in a region encompassing ϩ4451 to ϩ4478 bases (Fig. 3A) . When luciferase reporter vector containing the intact 3Ј UTR was transfected in Jurkat or Raji cells, a significant down-regulation in the luciferase expression in both cells with respect to control was observed (Fig. 3B ). This down-regulation was not seen in mutant 3Ј UTR construct lacking the predicted 27 base hsa-miR-106a binding site. Also, when A549 cells, which expresses minimal level of hsa-miR-106a, were cotransfected with hsa-miR-106a oligonucleotide and pMIR-REPORT-IL10 3Ј UTR (intact), we observed Ͼ2-fold reduction in luciferase expression (Fig. 3C ). However, cotransfection with cel-miR-67 did not have any appreciable effect on luciferase expression. Most importantly, when hsa-miR-106a was cotransfected along with pMIR-REPORT-IL10 3Ј UTR (mutant), there was minimal reduction in the luciferase expression. Also, cotransfection of pMIR-REPORT-IL10 3Ј UTR (mutant) with cel-miR-67 had no effect on luciferase expression (Fig. 3C) . These experiments indicate that mature hsa-miR-106a regulates IL-10 expression by interacting with its 3Ј UTR.
Transcriptional Regulation of hsa-miR-106a. Because the level of hsa-miR-106a was found to vary in different cell lines (Fig. 2B) , and this variation could be due to differential regulation of its expression, we sought to investigate the transcriptional regulation of hsa-miR-106a locus present on the X chromosome. Thus, a region encompassing 1 kilobase upstream of the putative transcription start site (TSS) of hsa-miR-106a was analyzed by using Transfac Alibaba prediction software (16) . Two transcription factors, Egr1 and Sp1, were predicted to bind to this region (Fig. 4A ). When this 1 kilobase putative promoter region was cloned upstream of the luciferase gene (pGL3 basic, a promoter less vector) and transfected in Jurkat cells, we observed a 4-fold induction in the luciferase expression (Fig. 4B) ; thus, indicating that the putative promoter sequence possessed regulatory activity.
To establish the binding of putative transcription factors Sp1
and Egr1, we determined the levels of these proteins using Western blotting of nuclear extracts prepared from unstimulated or stimulated Jurkat cells (PHA/PMA combination for 2 h).
Although the basal level of Egr1 in Jurkat cells was undetectable, there was a significant increase after stimulation with PHA/ PMA combination (panel 1 in Fig. 4C) . However, the level of Sp1 was unaffected by stimulation (panel 2). To demonstrate the binding of Sp1 and Egr1, EMSAs were performed by using end-labeled oligonucleotide probe from hsa-miR-106a potential promoter region (Ϫ285 to Ϫ317 bases) and nuclear extract from unstimulated (for Sp1) Jurkat cells. Out of the shifted bands ( For Egr1, when nuclear extract from stimulated Jurkat cells was incubated with labeled hsa-miR-106a promoter oligonucleotide, only 1 shifted band was observed (Fig. 4E, lane 3) . However, the band was absent when unstimulated nuclear extract was used (Fig.  4E, lane 2) . Specificity of the shifted band was confirmed by cold chase with excess of Egr consensus oligonucleotide (lane 4), which abolished the specific band. However, cold chase with Egr mutant oligonucleotide was not able to chase the specific band (lane 5). This observation was further confirmed by antibody super shift experiments, where antibody against Egr1 was able to shift the band (lane 6), whereas non specific IgG did not (lane 7). These experiments indicate that both Sp1 and Egr1 bind at an overlapping sequence in the promoter region, and could regulate the transcription of hsa-miR-106a.
To determine the effect of induced Egr1 expression on hsa-miR-106a level, Jurkat cells were stimulated with PHA/ PMA combination for different time intervals, and Northern blotting was performed. It showed that there was an increase in the levels of hsa-miR-106a up to 8 h (Fig. 4F) , and its levels declined gradually with time (16 and 24 h). It was also observed that the levels of pre-hsa-miR-106a increased with time up to 4 h, and then slowly declines. Interestingly, the decline of pre-hsamiR-106a preceded the decline of mature hsa-miR-106a (compare 4 versus 8 h). These results indicate that induced Egr1 increased the expression of hsa-miR-106a.
Activation of hsa-miR-106a Promoter Regulates IL-10 Expression.
To correlate Egr1 mediated activation of hsa-miR-106a promoter with IL-10 expression, Jurkat cells were stimulated with PMA, PHA, or PMA/PHA combination for 2 h, and expression of Egr1 was detected by Western blotting (Fig. 5A) . It was observed that although PMA (50 ng/mL) alone did not affect Egr1 levels, PHA (5 g/mL) was able to induce it. However, it was the combination of both PMA/PHA that was able to maximally induce Egr1 levels (Fig. 5A) . Next, to determine the level of induced hsa-miR-106a, Jurkat cells were treated with PMA, PHA, or PMA/PHA combination for 8 h. Stimulation with PMA/PHA combination but not PMA alone induced hsa-miR-106a expression (Fig. 5B) . This upregulation could be inhibited by specifically knocking down Egr1 expression by using Egr1 siRNA before stimulation ( Fig. 5 C and D) .
To correlate the level of Egr1 induction with the levels of IL-10, Jurkat cells were treated with PHA, PMA, or PHA/PMA together for 24 h, and IL-10 was measured in the culture supernatant by ELISA (Fig. 5E) . It was observed that Jurkat cells induced with PMA alone resulted in 3.5-fold increase in IL-10 expression (Fig. 5E, lane 3) , whereas PHA alone or PMA/PHA together significantly reduced IL-10 levels (Fig. 5E, lanes 2 and  4) . Thus, the level of IL-10 was inversely correlated with the level of Egr1-induced hsa-miR-106a expression.
Discussion
The posttranscriptional regulation of IL-10 is a subject of paramount clinical interest because of the crucial role of IL-10 as a modulator of inflammation. In this study, we found that hsa-miR-106a has a key role in regulating IL-10 expression. We provide a combination of in silico and in vitro evidence including a series of transfection experiments with various potential miRNAs in support of this conclusion.
Our finding of differential level of hsa-miR-106a (Fig. 2B ) in various cells supports miRNA mediated control of IL-10 is operational in cells that actively produce it. Recently, it has been demonstrated that regulatory T (T reg ) cells have a miRNA profile distinct from conventional CD4 T cells, and some miRNAs, including hsa-miR-106a, were found to be down-regulated (17) . In our study, the identification of hsa-miR-106a that regulates IL-10 expression further supports this observation. It can also be seen that there is a thin line between regulation and dysregulation of IL-10 expression. It is observed that in 46% of human T cell leukemias, pri-miR-106-363 cluster is overexpressed (18), presumably modulating IL-10 expression that could promote clonal expansion and leukemic cell survival. Our current results with the promoter revealed the presence of overlapping binding sites for Sp1 and Egr1 that may have potential regulatory function for hsa-miR-106a, a member of this cluster.
Sp1 is a well characterized ubiquitous transcription factor that regulates a vast array of genes, including IL-10 (4, 5). The early growth response gene product (Egr1) is a zinc finger transcription factor with a characteristic brisk kinetics of induction. It can either positively or negatively regulate gene transcription in response to stimulation, because Egr1 contains both transactivation and repression domains (19) . It has been proposed that Egr1 might be up-regulated in response to environmental challenge. Overlapping binding sites for Egr1 and Sp1 have been previously seen in the promoter of several genes. For example, it has been previously demonstrated that under quiescent conditions the promoters of PDGF-A chain (A) and ␤-(1)-adrenergic receptor are occupied by Sp1, which regulates basal expression of these genes (20, 21) . However, on stimulation, levels of Egr1 rise, allowing Egr1 to displace Sp1 from this region; thus, inducing the expression of PDGF-A as a response to the induction (21) . Physical and functional cooperation between Sp1 and Egr1 has also been seen at IL-2R␤ promoter in T cells (22) . Here, constitutive level of IL-2R␤ is maintained by Sp1, whereas on induction, Egr1 physically interacts with Sp1 to maximize transcription. Similarly, in our study, Egr1 expression in Jurkat cells resulted in the induction of pre-hsa-miR-106a followed by mature hsa-miR-106a. This finding seems to be in consonance with the observation that Sp1 is present in Jurkat cells at basal levels and may be responsible for basal transcription of this miRNA. Perturbation of this equilibrium by Egr1 would then up-regulate hsa-miR-106a; thus, negatively regulating IL-10. This notion was further supported by our observation that Egr1 stimulated hsa-miR-106a expression was negatively correlated with IL-10 levels. However, the mechanism by which Sp1 and Egr1 cooperate for regulation of hsa-miR-106a expression remains to be elucidated.
PHA and PMA have been known to induce vast array of genes by activating p38 (23), p42/44 ERK (24) , and JNK MAP kinases (25) . These 3 types of MAP kinases can be activated individually or simultaneously; thus, suggesting their independent signaling roles. Although PMA alone is known to induce the activation of Sp1 in T cells (4), both PMA and PHA have been shown to activate Egr1 in CEM cells (T cell line) (26) . IL-10 has been previously shown to negatively regulate LPS-stimulated Egr1 expression in mouse macrophages (27) . Thus, it would be interesting to study the effect IL-10 on Egr1 induced expression of hsa-miR-106a.
The regulatory loops and feedback mechanism for miRNA mediated posttranscriptional regulation of IL10 may be critical in maintaining immune homeostasis, and its dysregulation may lead to disease. It seems plausible that 3 regulatory mechanisms like transcriptional regulation, ARE mediated 3Ј UTR regulation, and hsa-miR-106a mediated 3Ј UTR regulation may critically regulate IL-10 expression. In fact, recently, it has been shown that inhibitory function of NKp46 ϩ CD49b ϩ CD3 Ϫ NK cells recruited in the hepatic granulomas in experimental model of visceral leishmaniasis was correlated with high IL-10 production as a result of increased stability of IL10 mRNA (28) . It is very likely that hsa-miR-106a mediated posttranscriptional control could potentially be involved in fine tuning the critical level of IL-10 expression in a context-dependent manner, and hence dictates the outcome of immune response to specific external stimuli.
In summary, our results suggest that IL-10 expression is regulated by hsa-miR-106a, which is in turn transcriptionally regulated by Egr1 and Sp1. Further studies examining the relevance of this regulatory mechanism to human disease are warranted. It would also be interesting to investigate the effect of pathological conditions (like rheumatoid arthritis, cancer, and viral infections, where an altered IL-10 expression is an important aspect of disease pathogenesis) on this regulatory pathway involving IL-10, hsa-miR106a, and Egr1. Also, identifying other targets of hsa-miR-106a and the effect of activation of Egr1 on other members of the miRNA cluster would be of considerable interest.
Materials and Methods
In Silico Identification of miRNA Binding Sites. Based on experimental observations of miRNA binding to the 3Ј UTR, several target prediction software have been developed. Although each of them has been used extensively for target site detection, they are associated with many false positive results due to lack of specificity of prediction. To avoid the overprediction, we used a consensus approach employing 3 widely-used software to perform the target prediction. Only those miRNA target pairs were identified that were detected by all 3 software to bind to the same location in the target 3Ј UTR sequence (29) . All known 470 human miRNAs (miRBase v9) were queried against human IL10 3Ј UTR using miRanda (30) , RNAhybrid (31) , and TargetScan (32).
Analysis of miRNA Expression Profiles.
To check which among the 8 miRNAs, predicted to target IL10, were expressed in cells of lymphoid and myeloid origin, we collected data from the miRNA expression resource (miRex; http:// miracle.igib.res.in/mirex). This database allows cross-comparison of miRNA expression profile data across various platforms collected from public repositories like Gene Expression Omnibus (National Center for Biotechnology Information-GEO) and ArrayExpress. The prenormalized data retrieved from these repositories are internally normalized to a standard score (z-score) by using an in-house developed platform (miRex; http://miracle.igib.res.in/ mirex). Expression of each miRNA in a particular tissue is represented as a fold change. The database currently contains a total set of 1,507 experiments spanning 18 datasets.
Plasmids. Plasmids pMIR-REPORT-IL10 3Ј UTR (intact), pMIR-REPORT-IL10 3Ј UTR (mutant) and hsa-miR-106a promoter in pGL3 (basic) constructs were prepared as described in detail in SI Materials and Methods.
Cell Culture and Transfection. A549, Raji, Jurkat, and THP-1 cells were grown and transfected as described in SI Materials and Methods.
IL-10 ELISA. Because IL-10 is a secretory cytokine, its levels were detected from culture supernatant of transfected cells by performing ELISA (R&D Systems) following the manufacturer's manual.
RNA Extraction and RT-PCR.
RNA was prepared from cells treated with or without PHA (5 g/mL), PMA (50 ng/mL), or combination of PHA/PMA (5 g/mL and 50 ng/mL) for different time intervals by using TRIzol reagent (Invitrogen) following the product manual. RNA was stored at Ϫ70°C until further use. RT-PCR was performed by using specific primers for IL10 and GAPDH following the standard protocol.
The hsa-miR-106a Northern Blotting. RNA isolated from A549, Jurkat, Raji, THP-1, HeLa, and HepG2 cells were resolved on acrylamide gel, transferred on nylon membrane (Gene screen plus; PerkinElmer), and hybridized with Gamma 32 P-labeled hsa-miR-106a oligonucleotide probe, as described in SI Materials and Methods.
EMSA. Nuclear extracts were prepared from Jurkat cells as previously described (33) . These extracts were incubated with radio-labeled double stranded oligonucleotide probes for hsa-miR-106a potential promoter region. Protein-DNA complexes were separated on acrylamide gels. Super shift experiments were performed as described in SI Materials and Methods.
Western Blotting. Nuclear protein was prepared as described previously (33) , and Western blotting was performed for Egr1, Sp1, and Lamin, as described in SI Materials and Methods.
Statistical Analysis. Results are given as mean of 3 independent experiments Ϯ SEM. An independent 2-tailed Student's t test was performed. Differences were considered statistically significant for P Յ 0.05. For normalization of transfection efficiency, cells were cotransfected with vector pMIR-REPORT beta-Gal as indicated.
